Three-dimensional transmission electron microscopy (3D-TEM), effectuated by multiple imaging of a sample combined with image analysis, offers a new approach in materials science to obtain 3D information of complex solid materials. Here we report first-of-its-kind results that have been obtained with zeolite materials. Virtual cross-sections and volume rendering of the 3D reconstruction of a metal/zeolite crystal (Ag/NaY) give unequivocal information on the location of the silver particles (10-40 nm in diameter). Virtual cross-sections of the 3D reconstruction of an acid-leached mordenite show the three-dimensional mesoporous channel system (3-20 nm in diameter) with a clarity and definition not seen before.
Nano-structured inorganic materials, such as solid catalysts, 1 photonic crystals, 2 and electronic devices, 3 are of growing importance in various fields. To gain precision in synthesis and assembly of solids, knowledge of their three-dimensional (3D) structure is required. Electron microscopy is the only technique available to obtain structural information on these types of materials at nanometer scale resolution. However, scanning electron microscopy (SEM) provides surface information with limited information about the internal structure, whereas transmission electron microscopy (TEM) provides only 2D projections of the solid structure. Here we show that 3D-TEM offers a new approach in materials science to obtain 3D information, at nanometer scale resolution, of complex solid materials. 3D-TEM, with its high potential as a unique tool to study biological structures, has rapidly developed during the past few years, which resulted in a first international workshop dedicated to the technique in 1997. 4 Since then, a first generation of automated 3D-TEM data collection systems has become available to the scientific community to study macromolecular structures [5] [6] [7] as well as large cellular structures and organelles. 8 So far, it was not recognized that 3D-TEM is also for materials science a unique and powerful tool in the investigation of individual samples of inorganic solids several hundred nanometers in size. With 3D-TEM one can study architecture and composition of individual samples with nanometer scale resolution. 3D-TEM complements other techniques generally used in the characterization of materials such as XRD, XPS, and highresolution TEM. In this paper we describe the principles of 3D-TEM followed by two examples using zeolite materials. The first example involves establishing the location of metal particles in a metal-zeolite crystal (Ag/NaY); the second one involves imaging of mesopores in an acid-leached mordenite crystal.
Principles of 3D-TEM. With conventional TEM, images are acquired that are, to a first approximation, 2D projections of a 3D object. Electron tomography, 9 here referred to as 3D-TEM, is a technique where a series of 2D projections (scattering contrast) is recorded that is subsequently used to compute a 3D image (3D reconstruction) of the object under investigation. These projections are obtained by recording 2D images at small angular increments while tilting the specimen over a wide angular range ((70°). During the past few years, automated data collection systems were developed that enable direct recording of digital images and automatic compensation of image shifts and focus variations that occur because of the (mechanical) tilting of the specimen. 10 With state-of-the-art equipment a series of 141 projections of a specimensreferred to as a data stacksis collected over an angular range of 140°. The subsequent 3D reconstruction is comprised of two steps: alignment of the data stack and reconstruction by backprojection. To achieve proper alignment, markers with sufficient contrast such as metal particles (e.g., 5 nm gold beads) are used. By least-squares fitting of the positions of these fiducial markers, the data series is aligned. After the alignment of the data series the 3D reconstruction has to be computed. The projection of a 3D object is equal to a central section of the Fourier transform of that object. A data series thus provides many different central sections of the Fourier transform of the sample, thus filling the 3D Fourier space. By inverse Fourier transform of the obtained 3D Fourier space a 3D image of the original object is obtained. An algorithm that is often used for the computation of the 3D reconstruction is resolution-weighted back-projection. 9, 10 The resolution d of the 3D image can be approximated by d ) π(T/N), where N is the number of projections and T the thickness of the sample. 9, 10 
Results and Discussion
Metal/zeolite systems are key catalytic materials in applications such as hydro-isomerization of alkanes and hydrocracking of heavy petroleum fractions. One of the features of zeolites is the molecular dimension of the micropores that induces shapeselectivity effects in catalytic conversion reactions. The location of the metal function inside or outside the micropores can strongly affect these selectivity effects. To steer catalyst synthesis, knowledge on the location of the metal function is crucial. 11, 12 Bovin and co-workers 13 have carried out TEM work on physical tomography of Pt/zeolite by ultramicrotomy of resinembedded crystals that enabled them to deduce the internal structure of the sample by imaging consecutive ultrathin (20 nm) sections. Instead of physically cutting a crystal into slices we applied 3D-TEM and obtained truly 3D information on intact Ag/zeolite crystals by digital cross-sectioning.
Ag/NaY was prepared by ion exchange of zeolite NaY (LZY-54, UOP, Si/Al ratio 2.5) with AgNO 3 , after which the sample was dried at 423 K in argon and subsequently reduced at 423 K in H 2 . For electron microscopy, samples were mounted on a "perforated carbon"-coated copper grid by drying a droplet of a suspension of ground sample in ethanol on the grid. From the lattice diffraction images before and after 30 min of electron beam irradiation it was clear that no electron beam damage had occurred. From a representative Ag/NaY crystal a tilt series of 143 images was taken from +70°to -72°with 1°intervals at a magnification of 11.5k on a Philips CM 200 FEG microscope operated at 200 kV with a 1024 × 1024 CCD camera (pixel size 1.12 nm). For alignment purposes 7 silver particles on the zeolite crystallite were chosen as markers. From the data stack a reconstruction of 1150 × 1150 × 1150 nm with a resolution of 11 nm was calculated. This reconstruction can be visualized with slices through the reconstruction. Figure 1 shows three orthogonal slices through the reconstruction, all three showing the same silver particle (18 nm in diameter) that is located inside the zeolite crystallite. In Figure 2a ,b the same zeolite crystallite is visualized with volume rendering, showing 10-40 nm silver particles on the external surface as well as a silver particle inside the zeolite. The colors were obtained by selecting two bands of gray-values (corresponding to the silver particles and the zeolite, respectively) and assigning different colors to the different bands. Figures 1 and 2 demonstrate that 3D-TEM enables an unequivocal determination of the location of metal particles in the interior or on the surface of 3D solid objects. Moving images of the aligned data stack and reconstruction are available as Supporting Information. Because 3D-TEM uses intact crystals, no deformation of the crystal took place as was the case with ultramicrotomy. 13 The size of the silver particles in the 3D-TEM reconstruction agrees with the size of these particles measured with 2D-TEM.
Our second application of 3D-TEM concerns the imaging of mesopores in a zeolite crystal. The micropores of zeolites are often advantageous to induce shape selectivity, but enhanced accessibility is frequently desirable to restrict mass transfer effects and/or allow catalytic conversion of larger molecules. Several approaches have been followed to enhance accessibility; i.e., the development of zeolites with intrinsically larger pores, 14 delaminated zeolite precursors, 15 and zeolite nanocrystals. 16 It has been established that microporous zeolite crystals can be treated (leaching and/or steaming) to generate mesopores that greatly enhance accessibility and thereby catalytic activity and stability. [17] [18] [19] [20] [21] A case in point are zeolite Y (FAU) and mordenite (MOR). For FAU detailed studies both on the channel 17 and surface structure 18 and on the mesoporosity 19, 20 have been carried out using high-resolution TEM. Recently, evidence has been put forward that creation of mesopores in MOR leads to catalysts uniquely suitable for aromatics alkylation chemistry. 21 Here we show 3D-TEM results on the occurrence of mesopores in acidleached mordenite.
H-mordenite, obtained by calcination of an ammonium exchanged Na-mordenite (LZM-5, Amoco, 5.7 wt % Al), was acid-leached with 1M HCl for 1 h to give an H-mordenite with 2.6 wt % Al. For electron microscopy a droplet of a colloidal gold suspension (Sigma, 5 nm gold) was dried on a carboncoated copper grid, thus providing markers for the alignment of the data set. Next, a droplet of a suspension of the leached mordenite in ethanol was dried on this grid. From a representa- Figure 1 . Three orthogonal crosscuts, with a thickness of 1.5 nm, through the 3D-reconstruction of an Ag/NaY crystal (500 nm thickness). The white arrows point to the same silver particle (18 nm diameter) that is located inside the zeolite. Scale bar is 200 nm. tive crystal a tilt series of 141 images was taken from +70°to -70°with 1°intervals at a magnification of 20.0k (pixel size 0.625 nm). A representative image of the series is shown in Figure 3a . After alignment, using the gold beads on the grid, a 3D reconstruction of 270 × 200 × 170 nm with a resolution of 3.3 nm was calculated. In Figure 3b a slice through the reconstruction is shown that reveals the mesopores inside the crystallite with great clarity. In this slice the mesopore structures (3-20 nm in diameter) are clearly visible although hardly distinguishable in a conventional TEM image (Figure 3a) . This is because the surrounding material superimposes on the mesopore in the conventional image and obscures valuable information. Because the 3D-TEM data are obtained from an intact crystal, all visible pores are due to the acid-leaching procedure. With ultramicrotomy the crystals show very often fractures due to the cutting, 20 which makes the interpretation of the TEM images more difficult.
From the presented results we conclude that 3D-TEM is a unique tool with very high potential for the characterization of solid materials. This is illustrated by the visualization of 3D information with nanometer scale resolution on the interior structure of intact crystals of complex materials. 
